Abstract. We use electrocapillarity in order to change the contact angle of a transparent drop, thus realizing a lens of variable focal length (B. Berge, J. Peseux, Patent deposited in Grenoble France, October 8th 1997, numéro d'enregistrement national 97 12781). The key point is the application of gradients of wettability, which control the shape of the drop edge, in our case a centered circle of variable radius. The quality and reversibility of the lens are surprisingly good. The optical power variation can be 5 to 10 times the one of the human eye, for a comparable diameter, with a typical response time of 0.03 s and a dissipated power of a few mW. 
Introduction
Studies about electrocapillarity started in 1875 when G. Lippmann [1] explained the shape variations of a mercury droplet immersed in an electrolyte, when a voltage is applied across the liquid interface. Froumkine [2] applied the same idea to electrowetting, or how electric charges at an interface do modify the contact angle of a drop of electrolyte on a metal surface. More recently, clever experiments on self-assembled monolayers on gold surfaces did show how the functionalization with electro-active groups (ferrocene) could amplify such phenomena [3, 4] . Actuators and optical switches were tested using mercury drops [5] [6] [7] . Recently it was realized that when inserting an insulating film between the electrode and the electrolyte, electrowetting induces large effects, modifying the contact angles by more than 50
• . It was established that electrowetting effects are proportional to V 2 /e [8]. The variation of wettability is reversible in a very large range of contact angles [8] [9] [10] [11] . We present an application of this effect, where we use the drop as an optical lens. Changes of the contact angle of the drop induce changes of the radius of curvature of a liquid-liquid interface, changing its resulting focal length.
Two key points make this principle working: i) Easiness of inducing wettability gradients using electrowetting. ii) Couples of liquids (water/oil) exhibiting small contact angle hysteresis.
Many optical systems allow the focus and magnification to be mechanically adjustable. Nevertheless one may a Present address: Laboratoire de Physique de l'Ecole Normale Supérieure de Lyon, 46 Allée d'Italie, 69364 Lyon cedex 07, France. e-mail: bruno.berge@ens-lyon.fr desire active systems without mechanical motion, either for reduced space/price considerations, or for speed. Numerous solutions have been proposed by injecting fluids in a deformable transparent chamber, requiring an external pump [12] . More recently, the high birefringence of liquid crystals [13] was used to build micro-lens arrays, limited to very small lens sizes. Electro-optic materials have also been used for making variable-power 2D lens in a thin film, for opto-electronic applications [14] . The alternative presented here could fullfill the need for adjustable optical systems without mobile parts, in the 0.1-to-10 mm size range approximately. Surprisingly, our results show high quality, speed and reversibility, opening the possibility of fabricating cheap electrically controllable lenses. Figure 1a is a schematic representation explaining the principle of operation of the liquid lens. A cell contains two non-miscible liquids, one is insulating and non-polar 1 , the other is a conducting water solution 2 . The liquids are transparent with different index of refraction, but with the same density, such that gravity does not deform the liquid-liquid interface, which remains spherical whatever the orientation of the cell. The insulating liquid has the shape of a drop in contact with a thin insulating window (in gray in Fig. 1a) . The window's surface is hydrophobic, so that naturally the insulating liquid will sit on it. A transparent electrode is deposited on the external side of the window, we call it the counter-electrode. Application of a voltage between the counter-electrode and the conducting liquid favors the wettability of the surface by this same liquid. This deforms the interface from shape A to shape B (Fig. 1a) and thus changes the focal length. A simple transcription of a calculation presented in reference [8] enables to establish the expected variation of the contact angle θ of the insulating drop (see Note [15] ):
Principle and realization
where θ 0 is the natural contact angle at zero voltage, and e are the insulating wall thickness and dielectric constant, respectively, γ is the surface tension of the liquid-liquid interface and V the applied voltage. In addition to this general principle, we added the following improvements: i) In order to maintain the drop in the shape A when no voltage is applied, the surface of the wall in contact with the drop has to be treated to be hydrophilic outside of a disc corresponding to the base of shape A in Figure 1a . The hydrophilic zone is hatched in Figure 1a . ii) When the electric voltage is applied, the drop should stay centered on the optical axis. For this purpose, we use for the wall an insulating film of variable thickness e(r), r being the distance to optical axis, see Figure 1a . The thickness gradient is radial and directed towards the optical axis. It induces a gradient of wettability of the surface, due to the variable electrowetting effect as seen from equation (1). This gradient has two beneficial consequences: First it imposes a circular base for the drop, avoiding optical distortions. Second, it centers the drop on the optical axis.
We have chosen a simple way to realize prototypes of this variable-power lens, although more sophisticated variations are allowed. As depicted in Figure 1b , we used stretched polymer films as the basis for the insulator wall on which the drop is attached, the counter-electrode being another liquid compartment filled with salted water (bottom compartment in Fig. 1b) . We first make the thickness gradient by fabricating [16] a thin transparent lens made from epoxy, trapped between two stretched polymer films (in gray in Fig. 1b) . The surface of the top polymer film is naturally hydrophobic, and it is chemically treated to become hydrophilic outside the central part. An external stainless steel ring is glued for mechanical integrity, and the whole cell is assembled in salted water (conducting liquid). A drop of about 15 µl of the insulating liquid is injected with a syringe, before closing. For the conducting liquid, we used a solution of Na 2 SO 4 in water. We also add poly-ethylene-glycol when the viscosity needs to be tuned. The insulating liquid can be almost every organic non-polar liquid, non-miscible with water. We used 1-bromo-dodecane, having the same density as a solution of a few percent of Na 2 SO 4 in water. Chloro-or bromonaphtalene, silicon oil, etc. work also very well. Mixtures of these chemicals are also possible in order to reach the desired properties for the two liquids: densities as close as possible; indices of refraction as different as possible; low melting points; adapted viscosity. Figure 1c shows a photogrtaph of one cell, where sealing is obtained with glue.
Characterization
We measure the focal length by using the set-up of Figure  2a . We use the variable lens as a magnifying glass. From the apparent magnification of a grid object, one deduces simply the value of the focal length. We checked that the values of the focal length measured by this technique coincide with the one obtained using classical methods. This method is crude but sufficiently precise for our purpose, considering the large optical power variations achieved. Figure 2b presents images of the grid (pitch of 130 µm), the lens at rest is shown on the left, under 210 V on the right. Figure 3 shows an example of the variation of the inverse focal length, in dioptries, as a function of the applied voltage. At our precision the reversibility is almost
